ABSTRACT: Ghrelin is a gut peptide that when acylated is thought to stimulate appetite. Circulating ghrelin concentrations could potentially be used as a predictor of DMI in cattle. The objective of this experiment was to determine the association of circulating ghrelin concentrations with DMI and other production traits. Steers and heifers were fed a finishing diet, and individual intake was recorded for 84 d. Blood samples were collected via jugular venipuncture following the DMI and ADG measurement period. Plasma active ghrelin and total ghrelin were quantified using commercial RIA. Active ghrelin was not correlated to DMI (P = 0.36), but when DMI was modeled using a multivariate analysis including plasma metabolites and sex, active ghrelin was shown to be positively associated with DMI (P < 0.01) and accounted for 6.2% of the variation accounted for by the regression model (R 2 = 0.33). Total ghrelin was negatively correlated to DMI (P < 0.01), but was not significant in a multivariate regression analysis (P = 0.13). The ratio of active:total ghrelin was positively associated with DMI (P < 0.01) and accounted for 10.2% of the variation in the model (R 2 = 0.35). Active ghrelin was positively associated with ADG (P < 0.05), while total ghrelin was negatively associated with ADG (P < 0.01), and the ratio of active:total ghrelin was positively associated with ADG (P < 0.01). Active ghrelin was not associated with G:F (P = 0.88), but total ghrelin concentrations were negatively associated with G:F (P < 0.01) and accounted for 10.24% of the variation (R 2 = 0.25). Heifers consumed less feed than steers (P < 0.01), tended to have greater active ghrelin concentrations (P = 0.06), and had greater total ghrelin concentrations than steers (P = 0.04). Total ghrelin concentrations were not different between sire breeds (P = 0.80), but active ghrelin concentrations and the ratio of active:total ghrelin differed between breeds (P < 0.01), indicating that genetics have an effect on the amount and form of circulating ghrelin. Total ghrelin concentrations tended (P = 0.08) to be correlated with HCW, but no other carcass characteristics were correlated with active or total ghrelin concentrations (P > 0.10). Results indicated that ghrelin concentrations are associated with DMI in beef cattle and that there is genetic variation that leads to differences in the amount and form of circulating ghrelin which could contribute to variation observed in DMI of beef cattle.
INTRODUCTION
Ghrelin is a peptide mainly synthesized in the monogastric stomach and the abomasum of cattle (Kojima et al., 1999; Hayashida et al., 2001) . In rodents and cattle, ghrelin stimulates growth hormone release (Kojima et al., 1999; Hashizume et al., 2003; Itoh et al., 2005) and is thought to increase appetite (Kojima and Kangawa, 2002) . The serine 3 residue must be acylated (addition of an octanoyl moiety) to form active ghrelin and allow it to bind to the growth hormone secretagogue receptor (GHSR1a), thereby stimulating growth hormone release and appetite (Kojima and Kangawa, 2002) . The ghrelin peptide without the acyl group, known as des-acyl ghrelin, circulates at much greater concentrations than active ghrelin (Hosoda et al., 2000; ThidarMyint et al., 2006 ), yet its functions are largely unknown. There is a growing body of evidence indicating that the des-acylated form of ghrelin has effects on endocrine and metabolic processes (Delhanty et al., 2012) ; however, the biological activity in cattle is unclear.
Predicting DMI in cattle is of interest as it is a major component of balancing diets to provide adequate nutrients to animals and maximize production and minimize environmental impacts. Additionally, DMI is the most important factor controlling growth and production in feedlot cattle. The use of circulating hormone and metabolite concentrations could be useful in empirical models to predict DMI. An accurate model to predict DMI in cattle could be extremely valuable in research to improve feed efficiency as measurements of individual DMI are difficult to obtain in commercial and research feedlots. The objective of this experiment was to determine if circulating ghrelin concentrations are associated with DMI in feedlot cattle. The hypothesis is that ghrelin is associated with DMI.
MATERIALS AND METHODS
This experiment was reviewed and approved by the Animal Care and Use Committee at the U.S. Meat Animal Research Center.
Animals
Calves (n = 245) used in the study were the result of breeding composite breed cows [MARC II (1/4 Simmental, 1/4 Gelbvieh, 1/4 Hereford, and 1/4 Angus), and MARC III (1/4 Pinzgauer, 1/4 Red Poll, 1/4 Hereford, and 1/4 Angus)] to Angus (n = 8), Charolais (n = 4), Gelbvieh (n = 8), and Limousin (n = 4) bulls that were in current use on ranches. Both steers [Angus-(n = 47), Charolais-(n = 18), Gelbvieh-(n = 44), and Limousinsired (n = 13)] and heifers [Angus-(n = 46), Charolais-(n = 25), Gelbvieh-(n = 37), and Limousin-sired (n = 15)] were used in the study. Calves were housed in a facility that contained Calan-Broadbent electronic headgates (American Calan, Inc., Northwood, NH) to measure individual feed intake. Cattle were placed on a diet that on a DM basis consisted of 8% chopped alfalfa hay, 20% wet distillers grains with solubles, 67.75% dry-rolled corn, and 4.25% supplement 7 d before the feed intake and growth trial began. The supplement contained monesin (300 mg/head daily). Feed bunks were evaluated visually each day of the experiment at approximately 0730 h to determine the quantity of feed to offer each animal. The bunk management approach was designed to allow for 0.25 to 0.50 kg of feed remaining in the feed bunk at the time of evaluation. After the quantity of feed to be provided to each bunk was determined, a batch of the diet sufficient to supply the feed for all the pens was mixed in the feed truck (RotoMix IV 274-12B, scale readability ± 0.09 kg) for approximately 5 min. Cattle were fed once daily throughout the experiment, starting at approximately 0800 h. Feed was subsampled daily, and a weekly composite sample was made to determine feed DM. Orts were determined once per week. The feeding study lasted 84 d and cattle were weighed on d 0, 1, 21, 42, 63, 83, and 84 . At the beginning of the study, heifers weighed 398 ± 3 kg, and steers weighed 422 ± 3 kg. Mean age of cattle at the beginning of the study was 329.3 ± 0.4 d of age. Total DMI was DM fed minus orts. A quadratic equation was used to regress BW on day of study, and total BW gain was determined by solving the equation for 84 d on study. Average daily gain was calculated as total BW gain divided by days on study. The G:F was calculated as the quotient of ADG divided by daily DMI. Following the production trait measurement period, cattle remained in the same pens with the Calen gates locked open and fed the same diet for ad libitum intake. Cattle were slaughtered at a commercial processing plant on the same day with an average age of 463 ± 0.4 d. Chilled carcasses were evaluated by plant personnel with the beef carcass grading camera.
Sample Collection and Processing
Blood was originally planned to be collected on d 83 of the experiment, but due to the furlough of government employees during October 2013, 9 mL of blood was collected 29 d after the end of the DMI and ADG measurement period via jugular venipuncture into tubes containing EDTA (1.7 µg/mL of blood) and placed on ice immediately. Samples were then centrifuged at 3,000 × g for 25 min at 4°C to obtain plasma. To protect the octonyl moiety on serine 3 of active ghrelin, two 1-mL aliquots were treated with 50 μL of 1 M HCl and 10 µL of phenylmethylsulfonyl fluoride (10 mg/mL in 100% methanol; Sigma Aldrich, St. Louis, MO). Separate aliquots of plasma with no additives were stored for total ghrelin, glucose, lactate, and NEFA analysis. All plasma samples were stored at -80°C.
Analytical Measures
Active ghrelin was quantified in acidified plasma using a commercial RIA kit (GHRA-88HK; EMD Millipore, Billerica, MA) that is specific for the octanoyl group on serine 3 of ghrelin. This assay kit has previously been validated for use in bovine plasma (Wertz-Lutz et al., 2006) , and samples were analyzed in duplicate. Linearity and parallelism of the active ghrelin RIA kit was ensured in our laboratory using 4 dilutions of a pooled bovine plasma sample that resulted in concentrations ranging from 26.6 to 128.7 pg/mL. Intra-and interassay CV (6.8 and 8.8%, respectively) were determined using a pooled plasma sample with a concentration of 123.4 pg/mL of active ghrelin. Sensitivity (90% of zero standard binding) of the active ghrelin assay was 1.1 pg/tube.
Total ghrelin was quantified in bovine plasma using a commercial RIA kit (GHRT-89HK; EMD Millipore). To test linearity, a pooled bovine plasma sample was diluted from 383.5 to 105.6 pg/mL. The slope of the dilution curve was parallel to that of the standard curve. Additionally, when 420, 840, and 4200 pg of total ghrelin standard were added to a pooled bovine plasma sample that measured 383.5 pg/mL total ghrelin, overall recovery was 104 ± 9%. Intra-and interassay CV (8.4 and 5.2%, respectively) for the total ghrelin assay were calculated using a pooled plasma sample with a concentration of 351.3 pg/mL. Samples were measured in duplicate, and sensitivity of the total ghrelin assay was 7.5 pg/tube.
Glucose and ʟ-lactate were quantified in duplicate using an immobilized enzyme system (YSI model 2700; YSI Inc., Yellow Spring, OH). Nonesterified fatty acids were quantified in duplicate using a colorimetric assay, according to the manufacturer's procedures (Zen-Bio Inc., Research Triangle Park, NC). Intra-and interassay CV were 8.1 and 8.9%, respectively.
Statistical Analysis
All statistics were analyzed using SAS 9.3 (SAS Inst. Inc., Cary, NC). Animal was used as the experimental unit. Correlations of variables were analyzed using the CORR procedure of SAS. A multivariate analysis regressing either active ghrelin, total ghrelin, or active:total ghrelin ratio with plasma glucose, lactate, NEFA, and sex on DMI using the REG procedure of SAS was used to determine the association of active ghrelin, total ghrelin, and the ratio of active:total ghrelin with DMI. The different forms of ghrelin were not used in the same model.
Standardized regression coefficients were used to determine the relative contribution of the independent variable toward the total variance accounted for by the regression model. Relative contributions were calculated as the square of the standardized coefficient divided by the sum of squares of all standardized coefficients. Parameters with probabilities less than 0.05 were considered to differ from zero. The same approach was used to regress either active ghrelin, total ghrelin, or active:total ghrelin ratio with plasma glucose, lactate, NEFA, and sex on ADG or G:F to determine the association of ghrelin with growth and efficiency.
An additional analysis was conducted to determine the effect of sex and genetics on circulating active and total ghrelin concentrations, the ratio of active:total ghrelin, DMI, ADG, G:F, glucose, lactate, and NEFA using the MIXED procedure of SAS. The model included fixed effects of sex, sire breed, and dam breed. Random effect of sire nested within sire breed was included. Two-way and three-way interactions of sex, sire breed, and dam breed were tested in all models and were removed after it was determined that the interactions were not significant (P > 0.15). Degrees of freedom for the error term were calculated using the Kenward-Roger's approximation. When the probability of a greater F-statistic was significant (P ≤ 0.05), pairwise comparisons of the least square means were conducted using the PDIFF option of SAS. Data are presented as LSmeans ± SEM.
RESULTS

Correlation
Dry matter intake and ADG were positively correlated (P < 0.001; Table 1 ). Dry matter intake was positively correlated with the active:total ghrelin ratio (P = 0.01) and negatively correlated to total ghrelin concentration (P < 0.01), plasma glucose concentration (P < 0.01), plasma lactate concentration (P < 0.01), and plasma NEFA concentration (P < 0.01). Active ghrelin concentrations were not correlated to DMI (r = 0.06; P = 0.36). Average daily gain was positively correlated to G:F ratio (P < 0.01), and negatively correlated to total ghrelin (P < 0.01), lactate concentration (P < 0.01), NEFA concentration (P < 0.01), and tended to be negatively correlated to glucose concentrations (r = −0.12; P = 0.07). The active:total ghrelin ratio was positively correlated with ADG (P = 0.02). Gain:feed ratio was negatively correlated to total ghrelin concentrations (P < 0.01) and lactate concentrations (P < 0.04). Active ghrelin was positively correlated to glucose (P < 0.01) and lactate concentrations (P < 0.05) but not to total ghrelin (P = 0.26). Total ghrelin was positively correlated to plasma NEFA concentrations (P < 0.05).
Multivariate Analysis
In the first model for DMI, active ghrelin (P < 0.01; Table 2 ) was positively associated with DMI, glucose (P < 0.01) was negatively associated with DMI, and NEFA tended to be negatively associated with DMI (P = 0.06). Sex was associated with DMI (P < 0.01) and accounted for the greatest amount of variation in the model (R 2 = 0.33) with a relative contribution of 75.23% (Table 3) . Glucose accounted for 14.79% of the variation and active ghrelin accounted for 6.22% of the variation.
In the second model for DMI, total ghrelin was not associated with DMI (P = 0.13; Table 2 ) but glucose and sex were associated with DMI (P < 0.01) and NEFA tended to have an association with DMI (P = 0.09). Sex accounted for 80.87% of the variation of the second model (R 2 = 0.32; Table 3 ) and glucose accounted for 13% of the variation. It the third model for DMI, the ratio of active:total ghrelin concentration was positively associated with DMI (P < 0.01; Table 2), glucose was negatively associated with DMI (P < 0.01), sex was associated with DMI (P < 0.01), and NEFA tended to have a negative association with DMI (P = 0.09). The ghrelin ratio accounted for 10.16% of the variation of the third DMI model (R 2 = 0.35), and sex accounted for 73% of the variation (Table 3) . In all 3 models for ADG, sex was associated with ADG (P < 0.01; Table 2 ) and accounted for the majority of the variation explained by the models (87.72% to 91.48%; Table  3 ). Active ghrelin (P < 0.05), total ghrelin (P < 0.01), and the ghrelin ratio (P < 0.01) were all associated with ADG, but only accounted for only 2.16%, 6.33%, and 6.02% of the variation of the respective models. Lactate was negatively associated with ADG in all 3 models (P < 0.05).
Active ghrelin was not associated with G:F ratio (P = 0.88; Table 2) in the first G:F ratio model. Total ghrelin was negatively associated with G:F (P < 0.01) and accounted for 10.24% of the variation explained by the model (R 2 = 0.25; Table 3 ). The ghrelin ratio was not associated with G:F (P = 0.38). In all 3 models for G:F, both glucose and lactate were associated with G:F (P < 0.05) and accounted for about 10 to 15% of the variation. Sex was the variable that accounted for most of the variation in the G:F models (62 to 76%; Table 3 ).
Mixed Model Analysis
The mixed model analysis was conducted to determine the effect of sex and genetics on circulating active and total ghrelin concentrations, the ratio of active:total ghrelin, DMI, ADG, G:F, glucose, lactate, and NEFA. Interactions between sex, sire breed, and dam breed were evaluated and determined to not be significant in all models (P > 0.05). Heifers tended to have a greater concentration of active ghrelin (P = 0.06; Table 4) but had a lesser DMI (P < 0.01) than steers. Additionally, heifers had a slightly greater concentration of total ghrelin (P = 0.04) but similar ghrelin ratios (P = 0.51) compared to steers. There was no sex effect on glucose concentrations (P = 0.73), but lactate was greater (P < 0.01) and NEFA tended (P = 0.06) to be greater in heifers than steers.
There was an effect of sire breed on circulating active ghrelin concentrations with Gelbvieh-sired cattle having the greatest active ghrelin concentrations, Charolaissired cattle having the smallest active ghrelin concentration, Angus-sired cattle had intermediate concentrations, whereas Limousin-sired cattle did not differ from Angusand Charolais-sired cattle (P < 0.01; Table 5 ). Total ghrelin concentrations were not different between the sire breeds (P = 0.80), which led to the ghrelin ratio mirroring the active ghrelin trends with Gelbvieh-sired cattle the greatest, Charolais-sired cattle the smallest ratio, and Angus-and Limousin-sired cattle intermediate (P < 0.01). There were differences in DMI between the different sire breed groups with Angus-sired cattle consuming the greatest amount of feed, Limousin-sired the least, and Charolais-and Gelbvieh-sired cattle intermediate with regards to DMI (P < 0.01). Limousin-sired cattle were slightly slower growing than the other 3 groups of cattle (P < 0.01). Angus-sired cattle were less efficient (G:F, kg/kg) than the other groups of cattle (P < 0.01). Gelbvieh-sired cattle had greater glucose concentrations than Angus-sired cattle and Charolais-and Limousinsired cattle were intermediate (P < 0.01). Lactate con- centrations were least in Charolais-sired cattle, greatest in Angus-and Gelbvieh-sired cattle, and intermediate in Limousin-sired cattle (P < 0.01). There was no effect of sire breed on NEFA concentrations (P = 0.12).
Association of Hormones and Metabolites with Carcass Characteristics
Active ghrelin concentrations were not correlated to any carcass characteristics in this experiment (P > 0.10; Table 6 ). Total ghrelin concentrations tended to correlate negatively with hot carcass weight (r = −0.11; P = 0.08). Plasma glucose concentrations were negatively correlated with HCW, 12th rib fat thickness, marbling score, and yield grade (YG; P < 0.01). Circulating lactate and NEFA concentrations were also negatively correlated with HCW, 12th rib fat thickness, and YG (P < 0.05).
DISCUSSION
Ghrelin release is known to increase before a meal and decrease postprandial (Cummings et al., 2001; Sugino et al., 2002a) . However, pulses of ghrelin release are not evident in ad libitum fed sheep (Sugino et al., 2002b) ; therefore, a single measure of ghrelin concentrations are likely sufficient to determine associations with DMI and efficiency. Additionally, Jennings et al. (2011) have shown that ghrelin concentrations can change over the feeding period and are affected by composition of BW gain. Future research may warrant further investigation of changes of ghrelin concentrations over the finishing period and association with DMI and efficiency.
Circulating active ghrelin concentrations averaged 174 ± 5 pg/mL of plasma, which is similar to baseline circulating concentrations of active ghrelin previously reported for nonfasted beef steers (Wertz-Lutz et al., 2006; . Circulating total ghrelin concentrations averaged 256 ± 4 pg/mL of plasma and ranged from 108 to 508 pg/mL. Concentrations presented here are much lower than the few published reports found in dairy steers, heifers, and lactating cows, which averaged about 2,000 to 3,000 pg/mL (ThidarMyint et al., 2006; ThidarMyint and Kuwayama, 2008; Börner et al., 2013) , but is more similar to baseline values reported for human total ghrelin (Cummings et al., 2004) , which averaged about 300 pg/mL. It is not clear if the differences in total ghrelin concentrations between the current data and previously published data in dairy cattle are due to differences in breed or diet composition. A likely factor causing a disparity between the previously published data and the current data is differences in the primary antibody used in the 2 laboratories for the RIA.
Since shortly after its discovery, ghrelin has been associated with signaling hunger in animals (Kojima and Kangawa, 2002) . Research in beef cattle has indicated that exogenous active ghrelin can increase time spent eating and DMI (Wertz-Lutz et al., 2006) . Data presented here in a multivariate model for DMI indicate that active ghrelin is positively associated with DMI in finishing cattle. This is consistent with the understanding that active ghrelin stimulates appetite. The ratio of active:total ghrelin seems to be a better indicator of DMI than the individual measures of ghrelin. The DMI model with the ghrelin ratio had a greater R 2 , and the ghrelin ratio accounted for more of the variation explained by the model than either active or total ghrelin alone (Table  3 ). This could be caused by the opposing action of acylated and des-acylated ghrelin on appetite. The biological function of des-acyl ghrelin in ruminants is unclear. The studies measuring total ghrelin in cattle have indicated a positive association with circulating NEFA, insulin, and growth hormone (ThidarMyint et al., 2006; ThidarMyint and Kuwayama, 2008; Börner et al., 2013) , which could generally be attributed to the effect of ghrelin on growth hormone release. In mice, des-acyl ghrelin has been shown to decrease feed intake and gastric emptying rate, likely through effects on the hypothalamus (Asakawa et al., 2005) . This is consistent with data presented here that indicate a negative association of total ghrelin with DMI (Tables 1, 2 , and 3). Given the contrasting effects of the 2 forms of ghrelin, the ratio is likely more important to predicting DMI than either active or total ghrelin alone.
The association of ghrelin with DMI is more complex than the multivariate analysis indicates. In the mixed model analysis, heifers tended to have greater active ghrelin concentrations but consumed less feed than steers (Table 4) . The relationship between active ghrelin and DMI is equally difficult to discern when looking at differences between cattle with sires from different breeds. Gelbvieh-sired cattle had moderate DMI compared to the other cattle in the experiment yet had the greatest concentration of active ghrelin (Table  5) . These data are similar to previous reports that active ghrelin concentrations are elevated in cattle when intake is restricted ( Yield grade 0.05 -0.08 0.10 -0.22*** -0.21*** -0.16** *P < 0.10; **P < 0.05; ***P < 0.01. 1 Ghrelin ratio = active ghrelin/total ghrelin. 2013), which indicates that circulating active ghrelin concentrations are inversely correlated to DMI even when cattle are fed ad libitum as in the current experiment. Limousin-sired cattle provide an exception to this trend as they displayed the smallest DMI and also had one of the lowest active ghrelin concentrations. These data make it clear that a genetic component contributes to the circulating concentrations of active ghrelin. The breed of the sire has an effect on active ghrelin concentrations and the ratio of active:total ghrelin. Genetic factors related to circulating active ghrelin concentrations have not been heavily studied. LindholmPerry et al. (2012) found that a polymorphism near the gene LYPLA1 was significantly associated with DMI in cattle. The gene LYPLA1 encodes lysophospholipase I, which cleaves the octanoyl group from serine 3 of ghrelin (Shanado et al., 2004) . Absence of the octanoyl group is thought to prevent ghrelin from activating the receptor GHSR1a, which is important for stimulating appetite (Kojima and Kangawa, 2002; Al Massadi et al., 2011) . Lysophospholipase I expression has been found in the stomach of rats (Shanado et al., 2004) , which corresponds with the major site of ghrelin production. Tissue specific expression of LYPLAI has not been investigated in cattle; however, LYPLAI has been purified from fetal bovine serum (Satou et al., 2010) . It is possible that a polymorphism in or near the LYPLAI gene could alter the activity of the enzyme expression or activity and thereby affect circulating acyl-ghrelin concentrations.
The difference in circulating concentrations of active ghrelin without a difference in total ghrelin between genetically divergent groups of cattle indicates that the processes that control the acylation or deacylation could be more important in regulating the amount of circulating active ghrelin than the production or removal of the ghrelin peptide. The enzyme that catalyzes the addition of the octanoyl group onto ghrelin (Yang et al., 2008) , ghrelin o-acyltransferase (GOAT), formerly known as membrane-associate o-acyltransferase 4 (MBOAT4), could be a point of regulation of circulating active ghrelin concentrations in cattle. Tissue specific expression of GOAT in cattle has not been studied, but in other species it has been shown to be expressed in many tissues including stomach, duodenum, hypothalamus, and the pituitary, among others (Al Massadi et al., 2011) . The expression of GOAT in the stomach, hypothalamus, and pituitary has been shown to increase with fasting in mice (Gahete et al., 2010) . It was also demonstrated that GOAT expression and circulating ghrelin concentrations were reduced in mice lacking leptin (ob/ob), indicting there could be some interplay with leptin (Gahete et al., 2010) .
Glucose concentrations have previously been reported to be negatively correlated with DMI in lactating dairy cows (Quigley et al., 1991; Larsen et al., 2010) , which is in agreement with the present data (Table 1) . Additionally, the model for DMI corroborated the correlation analysis, which indicates that glucose is negatively associated with DMI (Table 3) . Infusion of glucose generally leads to reduced intake in monogastrics but not ruminants (Allen, 2000) . The association of plasma glucose concentrations with DMI could be related to the conversion of absorbed propionate to glucose by the liver, although cause and effect cannot be inferred from these data. The correlation of circulating lactate to DMI is likely due to the correlation of glucose and lactate (Table 1) . This association is evident in the lack of significance for lactate in the DMI mixed model (Table 3) . Nonesterified fatty acids have previously been reported to be negatively correlated to DMI (Quigley et al., 1991) and are typically elevated when DMI is restricted (Richards et al., 1989) . When DMI was modeled, NEFA concentrations only tended to have an association with DMI, probably due to the slight NEFA differences between sexes and sire breeds (Tables 4 and 5) being accounted for in the model.
Active and total ghrelin were not correlated with carcass characteristics in this experiment (Table 5) . Total ghrelin tended to have a negative association with HCW, which is likely due to the negative association of total ghrelin with ADG (Tables 1 and 2 ). The significance of the association of circulating metabolite concentrations with carcass characteristics is unclear but is likely due to the association of the metabolites with DMI and strong association of DMI with growth.
In conclusion, ghrelin is a gut peptide that is associated with DMI in cattle. Circulating ghrelin concentrations could be useful in a model to predict DMI in beef cattle. It appears that genetic components contribute to the control of circulating ghrelin concentrations and forms, which could have effects on the association of ghrelin with control of DMI in beef cattle.
